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1. INTRODUCTION
Chitin, the second most abundant natural polysaccharide, is
synthesized by a number of living organisms and is the major
structural component in the exoskeleton of arthropods and cell
walls of fungi and yeast. The main commercial sources of chitin
are crab and shrimp shells, which are abundantly supplied as
waste products of the seafood industry.
1 Because chitin is not
readily dissolved in common solvents, it is often converted to its
partially deacetylated derivative, chitosan, a copolymer of gluco-
samineandN-acetylglucosamine(Figure1).Chitinandchitosan
are biocompatible, biodegradable, and nontoxic and have anti-
microbial and hydrating properties. Chitosan is easily processed
into ﬁlms, gels, nanoﬁbers, beads, microparticles, nanoparticles,
and scaﬀolds and, thus, widely used for biomedical and pharma-
ceuticalapplications,tissueengineering,controlleddrugdelivery,
biotechnology, and in the food industry.
2 4
Chitosan can be formed into hydrogels or ﬁlms using an
external cross-linker, but it can also undergo a self-cross-linking
process. The organization of the chitosan self-cross-linked struc-
ture isdue tointer- andintramolecular associations via hydrogen
bonding or hydrophobic interactionsand has beenthe subject of
numerous studies.
5 11 Nevertheless, the self-cross-linking me-
chanism remains incompletely solved. The intra- and intermo-
lecular interactions also govern the macroscopic thermal and
mechanicalproperties ofchitosanﬁlms;therefore, itisimportant
toelucidate them.Duetothehygroscopicnatureofchitosan,
12it
alwayscontainsresidualwater(morestronglyboundtohydroxyl
than to amine groups
13), and its characterization must be
performed at deﬁned moisture content.
14,15 The residual water
impairs the determination of the glass-transition and secondary
relaxation phenomena in this semicrystalline polysaccharide,
explaining the scatter of published data obtained by diﬀerential
scanning calorimetry (DSC), dynamic mechanical analysis
(DMA)and dielectric relaxation spectroscopy (DRS).
16 20This
variation is related to the complex structure in chitosan via the
local dynamics, which is still to be elucidated.
NMR is oneof the most powerful techniques to access to site-
speciﬁc structure and dynamics of complex molecular architec-
tures.
1H,
13C, and
15N NMR in solution and in the solid state
have being widely used to quantify the degree and sequences of
chitosan acetylation.
21 25 Other less common studies have also
beenreported,suchas,interactionsofchitosanwithcross-linking
agents,
26 water
27 and plasticizers,
28 studies of new chitosan
copolymers structures,
29 and conformational studies.
30 How-
ever, the local dynamics and interactions in self-cross-linked
chitosan ﬁlms have not yet been reported by solid-state NMR.
Received: February 10, 2011
Revised: March 10, 2011
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properties of self-associated chitosan ﬁlms. Films cast from acidic aqueous
solutions were compared before and after neutralization, and the role of the
counterion (acetate vs Cl
 ) was investigated. There is a competition
between local structure and long-range order. Hydrogen bonding gives
good mechanical strength to neutralized ﬁlms, which lack long-range
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acidic solutions in which strong electrostatic interactions cause rotational
distortion around the chitosan chains. Plasticization by acetate counterions enhances long-range molecular organization and ﬁlm
ﬂexibility. In contrast, Cl
  counterions act as a defect and impair the long-range organization by immobilizing hydration water.
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Solid-state NMR experiments performed under fast magic angle
spinning (MAS) provide new and versatile spectroscopic tools,
taking advantage of the signiﬁcant simpliﬁcation of the dipolar-
coupled multispin network due to its decoupling performance.
Recoupling techniques that involve appropriate pulse sequences
have been applied along with fast MAS to obtain structural and
dynamics information inherent to
1H 
1H and
1H 
13C dipolar
couplings, recovering relevant interactions selectively.
31 Speciﬁ-
cally, the rotational-echo double-resonance (REDOR) is a
recoupling technique routinely used to study biological systems,
for example, to obtain internuclear distance constraints between
labeled spin pairs in biomolecules.
32 Hydrogen bonding struc-
tures in supramolecular systems have been studied through the
recoupling of homonuclear dipole dipole interactions using the
so-called back-to-back pulse sequence for
1H double quantum
(DQ) spectroscopy experiments.
33 In such a two-dimensional
experiment, double quantum coherences due to pairs of dipolar
coupled protons are correlated with single quantum coherences,
resulting in correlation peaks characteristic for
1H 
1H pairs. A
variantoftheREDORsequencecanbeimplementedtorecouple
coherent polarization transfer for heteronuclear single-quantum
correlation experiment to identify the directly bonded carbon
resonances.
34
Even though the overall mechanism occurring in the forma-
tion of self-assembling chitosan ﬁlms and gels is partially
identiﬁed, little is known about the interactions that remain after
their formation, and about their inﬂuence on the physicochem-
ical properties of the ﬁlms. We aim at gaining insight into the
complex self-association network in chitosan ﬁlms cast from
dilute solutions of a weak and a strong acid at approximately the
same concentration. Non-neutralized and neutralized ﬁlms ex-
hibitverydiﬀerentmechanicalproperties.Theirsystematicstudy
with modern NMR techniques will probe their local structure
and dynamics. Complemented by the mechanical properties
investigated by DMA and the long-range organization studied
by XRD, it will shed light on the molecular interactions in solid
chitosan ﬁlms and the role of the possible counterion.
2. EXPERIMENTAL SECTION
2.1. Sample Preparation. Chitosan was purchased from Aldrich
(medium molecular weight, catalog number 448877, batch 09303PE).
Its degree of acetylation DA (see Figure 1) of 31% and its molecular
weight of 240 kDa were previously measured by
13C solid-state NMR
andviscosimetry,respectively.
35Itwasusedtoprepare3w/v%chitosan
solutions (abovethe entanglement concentration, experimentally found
as ≈1.2 w/v %
36) using two types of dilute acids: 0.17 M acetic acid
(AcOH) and 0.12 M hydrochloric acid (HCl). Films were cast from
thesesolutionsanddriedatroomtemperature.Theneutralizationofthe
films was performed by immersing the dried films in a 1 w/v % solution
of NaOH and then thoroughly washing with distilled water. The dried
films were equilibrated under 44% controlled relative humidity in a
desiccator with a saturated solution of K2CO3. Films are denoted FHCl
(film cast from HCl solution), FAcOH (film cast from acetic acid
solution), FNHCl (film cast from HCl solution then neutralized), and
FNAcOH (film cast from acetic acid solution then neutralized).
Note that ﬁlms were also cast from more dilute solutions of chitosan
(1 w/v %, below the entanglement concentration, with all other
parameters unchanged); the NMR spectra recorded show no signiﬁcant
diﬀerence with the ﬁlms prepared from 3 w/v % chitosan solution and
will only be shown in Supporting Information.
2.2. Thermogravimetric Analysis (TGA). TGA measurements
werecarriedoutonaTGA500(TAInstruments).Themoisturecontent
was measured by heating the samples to 120 C under nitrogen
atmosphere using a ramp of 2 C3min
 1; at this temperature, an
isothermwaskeptfor60min.Thepercentageofmoisturewascalculated
from the weight lost at the end of the isotherm. To study the films
degradation with temperature, samples were run in air from 50 to
800 C, using a ramp of 10 C3min
 1.
2.3. Nuclear Magnetic Resonance (NMR).
15N cross-polariza-
tion under magic-angle spinning (CP-MAS) NMR experiments were
performed on a Bruker Avance II console operating at 300 MHz
1H
Larmor frequency with a commercial double resonance probe support-
ing zirconia MAS rotors with 4 mm outer diameter at a MAS spinning
frequency of 10 kHz and 62.5 RF nutation frequency (5 μs9 0  pulse
length), 5 ms contact time, and 5 s relaxation delay.
13C CP-MAS NMR
experiments were performed on a Bruker Avance console operating at
500 MHz
1H Larmor frequency with a commercial double resonance
probe supporting zirconia MAS rotors with 2.5 mm outer diameter at a
MAS spinning frequency of 25 kHz and 125 RF nutation frequency
(2.5μs90pulselength),1mscontacttime,and5srelaxationdelay.
1H
MASNMRexperimentswereperformedonaBrukerAvanceIIIconsole
operating at 850 MHz
1H Larmor frequency with a commercial double
resonance probe supporting zirconia MAS rotors with 2.5 mm outer
diameter at a MAS spinning frequency of 30 kHz and 125 RF nutation
frequency (2.5 μs9 0  pulse length).
1H double quantum correlation
spectra as well as REDOR-based heteronuclear (
1H 
13C) correlation
spectra were recorded at 50 kHz MAS and 700 MHz
1H Larmor
frequency on a Bruker Avance spectrometer using a Bruker 1.3 mm
double resonance MAS probe with 140 kHz RF nutation frequency
(1.8 μs9 0  pulse length). Double quantum excitation was achieved
usingtheBack-to-Backrecouplingpulsesequencewith40μsrecoupling
time, whereas the REPT-HSQCsequence hasbeenapplied for
1H 
13C
heteronuclear correlation experiments with 80 μs recoupling time.
2.4. Dynamic Mechanical Analysis (DMA). The mechanical
properties weremeasuredwithaTAInstruments DMAQ800,usingthe
tension clamp for rectangular film and a temperature sweeping from 40
to 200 C, under the following conditions: heating ramp 3 C3min
 1,
initial strain 0.01%, preload force 0.3 N, and frequency 1 Hz. Three
measurements were done for each film.
2.5. X-ray Diffraction (XRD). Diffractograms were obtained in
a Phillips PANalytical X’PertPro MPD, with a wavelength of 1.542 Å
(Cu KR11 radiation), a 2θ range from 5 to 50, and a resolution of
0.013. Diffractograms were normalized with sample amount.
3. RESULTS AND DISCUSSION
3.1. Moisture Content. The moisture content was evaluated
by the decrease of sample weight at the end of an isotherm at
120 C. The stabilization of weight lost within the first 60 min of
the isotherm confirmed that this program was accurate in terms
of moisture determination. 120 C was low enough to prevent
thermal degradation of the materials. The moisture content was
16% for FAcOH and 18% for FHCl, while for the neutralized films
Figure1. Chitosanmolecularstructure.DAisthedegreeofacetylation.1382 dx.doi.org/10.1021/bm200193u |Biomacromolecules 2011, 12, 1380–1386
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was lower: 13% for the FNAcOH and 12% for FNHCl. The
moisture content of the chitosan powder was 10%. Although
the moisture content is similar, it is slightly higher for the
protonated films, which may be explained by the hydrophilicity
of the NH3
þ groups. The quantified moisture contents are
considered to be low moisture content.
14
3.2. Solid-State NMR Results. 3.2.1.
15N and
13C NMR. In
dilutedacidicmedia,chitosancontainsglucosamineunitsbothin
the protonated and neutral amine forms. With a weak acid, such
as acetic acid, a fraction of the amine groups will be protonated,
whereas all amine groups will be protonated with a strong acid,
such as hydrochloric acid. The films cast from chitosan solutions
could thus contain charged and neutral amine groups.
15N CP-
MAS spectra allow for a direct detection of each monomer unit:
theacetylatedamineatabout100ppm,theaminebetween0and
15 ppm (Figure 2a). It also discriminates between charged and
neutralaminegroups,detectedrespectivelyat15and0ppm.Itis
experimentallyobservedthatthefilmsdirectlycastfromchitosan
solutions in HCl are charged, while the original powder and the
filmssuspendedindiluteNaOHsolutionsandrinsedareneutral.
13C CP-MAS NMR spectra show “snapshots” of the distribu-
tion of chemical shifts present in the sample.
13C CP-MAS
spectra were recorded on the original powder, ﬁlms prepared
with acetic acid and HCl, and neutralized ﬁlms (see Figure 2b
for representative spectra and Supporting Information for all
spectra). Powder and neutral ﬁlms all exhibit the same
13C CP-
MAS spectrum. A full chemical shift assignment can be found in
the literature.
21 Two more signals are present in ﬁlms prepared
with acetic acid (C9 at 25 ppm, C8 at 180 ppm) due to residual
acetic acid. Charged ﬁlms exhibit some signals shift as compared
to neutral ones, and these shifts are stronger for FHCl than for
FAcOH. The signal of C1 originally at 105 ppm shifts to 100
ppm then 98 ppm, the signal of C4 originally at 83 ppm shifts to
82then81ppm,thesignalofC3originallyatabout74ppmshifts
to 72.5 then 71.5 ppm. Such shifts were already observed
30 and
assigned to diﬀerent helical structures in the solid. It will be
discussed below (section 3.4) that both FHCl and FAcOH exhibit
the same XRD diﬀractogram (albeit with diﬀerent intensities),
thus,itcanhardlybeconcludedthesignalsshiftsoriginateinsuch
a radical structural change. To check if the signals shifts were not
merely a result of the various degrees of protonation of the
chitosan, chemical shifts observed in
13C CP-MAS were com-
pared to published chemical shift values measured in solution.
Chitosan is not soluble in water unless it is charged, thus only
spectra recorded in acidic solutions can be compared. Signals of
C1, C4, C3, and C2 were observed at 98, 78, 71, and 56,
respectively, in D2O with AcOD,
37 while they were observed at
100, 80, 73, and 58 in D2O with DCl.
38 The signal of C2 is not
expected to shift with pH (it does not shift in
13C CP-MAS),
thus, the published spectra are simply calibrated diﬀerently, and
the signals of C1, C4, and C3 in solution do not depend on
whether the acid is strong (DCl) or weak (AcOD). Therefore,
the shifts observed with
13C CP-MAS are due to packing eﬀects.
The strongest eﬀect is observed on the signals of C1 and C4,
which are the carbons linking adjacent glucosamine rings with a
glucosidic bond. Thus, it can be explained by a rotational
distortion around the main chain, the presence of the charge
introducing strong electrostatic interactions which could hinder
the packing of the chain following the usual hydrogen bonding
pattern. The more charged ﬁlm, FHCl, thus, exhibits stronger
rotational distortions andstrongersignalsshifts thanFAcOH.The
local mobility in ﬁlms will be examined below. A smaller shift is
observed for C3, which is spatially close to the charge.
15N and
13C NMR measurements indicated charge and
conformational changes in the ﬁlms, and opened questions on
the local molecular dynamics.
1H NMR was employed to
investigatethedynamicsintheﬁlmsandthediﬀerentassociation
mechanisms.
3.2.2. One-Dimensional
1H NMR.
1H MAS spectra were
recorded at different temperatures on the original powder, films
prepared with acetic acid and HCl and neutralized films at high
magnetic field under fast MAS (see Figure 3 for representative
spectra and Supporting Information for all spectra). At room
temperature (Figure 3a), all samples apart from FHCl exhibit
broad signals due to a large range of local packing arrangements.
InFNAcOH,theacetatewaswashedaway.InFHCl,themuchmore
narrow linewidths clearly reveal an NH3
þ signal at 8.5 ppm (and
a methyl signal at 2.2 ppm).
The temperature behavior of the powder and the neutralized
ﬁlms are the same (see Figure 3b and Supporting Information).
Theonlysigniﬁcantchangeobserveduponheatingisareversible
broadeningofthesignaloriginallyat4.3ppm,accompaniedbyits
reversible shift to 3.9 ppm. This signal originates in the residual
water and the OH groups of chitosan (as conﬁrmed by its
disappearance in a chitosan powder deuterated by suspension
in D2O, see Supporting Information). Note that this signal is
weaker after cooling down, probably due to partial evaporation
Figure 2. Solid-state NMR spectra of chitosan powder and ﬁlms:
15N
CP-MAS (a) and
13C CP-MAS (b). Vertical dashed lines in (b) are a
guide to the eye.1383 dx.doi.org/10.1021/bm200193u |Biomacromolecules 2011, 12, 1380–1386
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of the residual water. The rather unusual line broadening upon
heating indicates that the water molecules and the OH groups in
the sample are in the slow exchange limit with another site in the
sample, most likely the NH2 groups. Here, the slow exchange
limit means: there is basically no
1H exchange taking place at
room temperature on the time scale of the experiment, and local
molecular motions as well as chemical exchange of protons start
on that time scale upon heating.
ThenarrowsignalsofsampleFHCl(Figure 3c)could originate
either in a strong local mobility (resulting in limited line broad-
ening) or in a well-organized local structure (resulting in a
limiteddistributionofchemicalshifts).Asabove, thebroadening
of this signal upon heating indicates limited mobility at room
temperature, andtheonsetoflocalmotionorchemicalexchange
at higher temperatures. The higher resolution obtained for this
sample allows observing that only two signals broaden upon
heating, to a similar extent: the signal of residual water and OH
groups at 4.7 ppm on one hand, and the NH3
þ signal at 8.3
ppm on the other hand. Furthermore, the NH3
þ signal shifts
upﬁeld toward the signal of residual water and OH groups (see
insert), while the signal of residual water and OH groups shifts
upﬁeld (as a result of a shift downﬁeld toward the NH3
þ signal
and a stronger shift upﬁeld due to the temperature increase).
This supports the interpretation of a chemical exchange taking
place betweenthese. The narrow NH3
þ signal observed forFHCl
compared to NH2 in other samples (around 8 ppm) is due to a
greater distribution of chemical shifts for NH2 due to a large
variety of hydrogen bonding structures in other samples, as
opposedtomoresimilarelectrostaticinteractionsthroughNH3
þ
in FHCl. Interestingly, FHCl is the ﬁlm with the highest moisture
contentbutnottheﬁlmwiththehighestmobility,althoughwater
could be expected to plasticize the ﬁlm. This indicates that a
signiﬁcant part of the residual water is immobilized in this
particular sample. As it is not the case to that extent in the other
samples, it may be bound to the Cl
  counterion.
In FAcOH, the signals of the acetate (5.3 ppm and 2.1 ppm)
become narrower upon heating (Figure 3d), as is expected when
the local molecular motion becomes faster. Thus there is a
Figure3.
1HMASNMRspectraofvarioussamplesat300K(a),temperature-dependent
1HMASNMRspectrarecordedforthepowder(b),FHCl(c),
andFAcOH(d).Fortemperature-dependentspectra,thespectrawereacquiredintheorderofthelegend(toptobottom).Theinsertin(c)showsazoom
in the NH3
þ signals recorded upon heating.
Figure 4. Two-dimensional
1H DQ MAS NMR correlation spectra for
the chitosan ﬁlms and powder recorded with the back-to-back sequence
and a recoupling time of 40 μs.1384 dx.doi.org/10.1021/bm200193u |Biomacromolecules 2011, 12, 1380–1386
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signiﬁcantly stronger mobility in FAcOH than in all the other
samples. It can be concluded that more than the charge, the
counterion plays a signiﬁcant role in the local dynamics in
chitosan ﬁlms. The acetate counterion’s charge is delocalized
over the carboxylic acid group, the ion is larger and has more
degrees of freedom (thus, can act as a plasticizer).
3.2.3. Two Dimensional
1H NMR. For all chitosan powder and
films, a strong autocorrelation of the overlapping signals around
4 ppm is observed through a strong signal on the diagonal
(Figure 4). This massif contains all groups except NH3
þ. The
autocorrelation indicates that the corresponding moieties are
chemically stable and stay in close proximity on the time scale of
the experiment (40 μs). FHCl differs from all other samples by
two features: a strong autocorrelation for the NH3
þ group at 8.3
ppm (signal on diagonal) and a correlation of this signal with the
signals around 4 ppm (via a signal at (8.3 ppm, 12 ppm)). This
indicates that the NH3
þ group is chemically stable over a time
scale of 40 μs at room temperature and that the film is rigid
enough to see its correlation with other moieties. It implies that
the amine groups are all protonated, otherwise, there would be a
chemicalexchangetakingplacebetweenNH2andNH3
þgroups,
whichwouldleadtoalossoftheautocorrelationsignalofNH3
þ.
This acid base exchange is taking place in FAcOH, in which the
amine groups are only partially charged, as indicated by the
13C
CP-MAS spectra. In FHCl, the moieties with which the NH3
þ
groupcorrelatesare thewater immobilized inthehydration shell
of the Cl
  counterion of the NH3
þ group.
3.2.4. Two Dimensional
1H 
13C NMR. The chitosan powder,
FAcOH and FNHCl show the strongest dipolar interaction be-
tween 75 and 80 ppm, which corresponds to C5 and a weaker
dipolarinteractionbetween50and60ppm,correspondingtoC2
carbons (Figure 5). The relative rigidity of these two carbons is
mostly intrinsic of the chitosan structure, as they indicate the
rigidity of the glucose ring. Furthermore, earlier X-ray diffrac-
tions studies
39,40 indicated strong intramolecular hydrogen
bonding inchitosan through oxygen bound toC5 and the amino
groupboundtoC2carbons.InFHCl,thereisanadditionalstrong
signal around 70 75 ppm corresponding to C3, and an increase
in the interaction for the C2 carbons (near 55 ppm). This
indicates the rigidity around the NH3
þ group and the hydration
shell of its Cl
  counterion.
3.3. DMA Results. FHCl exhibits different properties from the
otherfilms,asitisvisuallymorebrittle.Allfilmswereinvestigated
with DMA at different temperatures to investigate their viscoe-
lastic behavior in more detail. Storage moduli E0 are summarized
in Table 1. E0 is higher for FHCl than for FAcOH, while FNHCl and
FNAcOH exhibit an intermediate behavior. This confirms the
visual stiffness of FHCl compared to the other films, due to the
strong electrostatic interactions around the NH3
þ groups and
theirCl
 counterions,immobilizinghydrationwater.InFNAcOH
and FNHCl the chain chain interactions lead to an intermediate
stiffness, while in FAcOH the acetate counterion acts as a
plasticizer, imparting more elasticity and flexibility to this film.
The temperature dependence is shown for the loss tangents
(tan δ) in Figure 6. The loss factor for FAcOH has two maxima at
∼95 and ∼172 C, which can be related to conformational
relaxations. FHCl only exhibits a very weak transition at ∼100 C
and ruptures at ∼170 C, while for the neutralized ﬁlms FNHCl
and FNAcOH, there are two overlapping broad relaxations with
maxima at ∼97 and 104 C. The relaxation observed at ∼97 C
has been assigned in previous dielectric spectroscopy studies to
water desorption
12 and to conduction via H
þ migration.
20 Its
stronger intensity in FAcOH than in FNAcOH and FNHCl can be
explained by its higher moisture content and the rapid chemical
exchange between NH2 and NH3
þ groups. The ﬁlm with the
highest moisture content, FHCl, however, does not follow this
trend. We have demonstrated above that the water molecules in
FHCl are tightly bound to the chitosan and its Cl
  counterion,
thus, the loss of water by this ﬁlm is very limited around 100 C.
Furthermore, all amine groups are protonated in FHCl, strongly
limiting the possibility of chemical exchange between NH2 and
NH3
þ groups. The strong attenuation of the ﬁrst relaxation for
Figure 5.
1H 
13C HSQC REPT correlation spectra for the chitosan
ﬁlms and powder, recorded with a recoupling time of 80 μs.
Table 1. Storage Moduli E0 Measured at Diﬀerent Tempera-
tures by DMA (Average of Three Measurements)
E0 (GPa)
T (C) FHCl FNHCl FAcOH FNAcOH
50 4.1 ( 0.2 2.6 ( 0.6 1.7 ( 0.2 3.4 ( 0.4
100 4.2 ( 0.4 2.3 ( 0.5 1.8 ( 0.2 2.9 ( 0.3
195 2.2 ( 0.4 2.1 ( 0.2 2.5 ( 0.2
Figure 6. Variation of the loss tangent with temperature for the
chitosan ﬁlms.1385 dx.doi.org/10.1021/bm200193u |Biomacromolecules 2011, 12, 1380–1386
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FHCl thus, indicates that water and H
þ are more strongly bound
in this ﬁlm.
The transition around 170 C is only seen for the charged
ﬁlms. It is pronounced for FAcOH, and it is only beginning for
FHCl when the ﬁlm ruptures. To the best of our knowledge, this
transitionwasnotreportedbefore.Itcouldbelinkedtohydrogen
bonding (which exists at high temperatures, provided the
samples are rigid enough) or to electrostatic interactions due
to the presence of the NH3
þ groups. Work is in progress to
record NMR data in this temperature range to gain molecular
information. The rupture of FHCl at a temperature at which the
other ﬁlms are stable correlates with the onset of its decomposi-
tionatabout400C(comparedtoca.500Cfortheotherﬁlms),
as observed by TGA.
These diﬀerences in DMA behavior lead us to conclude that
the NH3
þ and NH2 side groups have a drastic inﬂuence on the
local dynamics. They determine the relative amount of the more
strongly bound water and the nature of the hydrogen bonding
network formed between chitosan moieties and water.
3.4. XRD Results. Five crystalline reflections are reported in the
2θrange of 5 40 for highly acetylated chitosan (or chitin).
41 The
chitosanpowderusedhereshowsamoreamorphousstructurethan
chitin(seeSupportingInformation),withtwowidereflectionsin2θ
at 9.9 (d-spacing 8.87 Å) and 20.10 (d-spacing 4.44 Å). This is
expected from its relatively low degree of acetylation (31%) and
fromthefactthatchitinisusuallydissolvedtoproducechitosan.The
X-ray diffractograms of all the films are shown in Figure 7.
Neutralized chitosan films show a diffraction pattern of an amor-
phousstructure,similartothechitosanpowder,displayingtwomain
reflections of low intensity in 2θat 10.5 and 19.8.T h e ya r em u c h
less organized than acidic films, as indicated by broader reflections.
Both FHCl and FAcOH exhibit sharp reflections in 2θ at 11.2, 13.8,
16.6, and 25.3, indicating a better organized long-range structure.
The reflections are significantly more intense for FAcOH,d e m o n -
strating a better long-range ordering in this film than in FHCl.T h e r e
is an apparent contradiction in stating that charged films tend
toward a much more regular long-range order but that the least
charged one is the best organized. It can be rationalized by taking
into account that the strong rigidity of FHCl may prevent the
structure to reorganize, which is needed to accomplish long-
range order.
Note that the variations in
13C CP-MAS spectra with the acid
solution from which the ﬁlms were cast (HCl and AcOH) had
been previously assigned to diﬀerent helical structures.
30 How-
ever, they exhibit the same X-ray diﬀractogram, thus, the same
structure. We have shown here that this is due to restricted
mobility in FHCl, hindering the long-range organization of the
ﬁlm in the structure it tends to. This is in agreement with the
previously observed increase in the intensity of the X-ray reﬂec-
tionsuponannealing,
30whichwecannowassigntoabetterlong-
range organization owing to increase local mobility.
4. CONCLUSIONS
Modern solid-state NMR techniques, combined with X-ray
diﬀraction, revealed the molecular origin of the diﬀerence
observed in macroscopic properties of chitosan ﬁlms. Films cast
from acidic aqueous solutions were compared before and after
neutralization, and the role of the counterion (acetate vs Cl
 )
was investigated. There is a competition between local structure
and long-range order in self-associated chitosan ﬁlms. Neutra-
lized ﬁlms exhibit a molecular structure similar to that of the
original chitosan powder, not organized on the long-range,
mediated through intra- and intermolecular hydrogen bonding.
These ﬁlms show good mechanical strength and elasticity. The
chitosan is fully charged in ﬁlms cast from HCl, while it is only
partially charged in ﬁlms cast from acetic acid. The long-range
structure is better deﬁned in ﬁlms cast from acid solutions, in
which the presence of charges induces strong electrostatic
interactions and rotational distortion around the main chain,
stronger in the case of HCl. The large acetate counterion with a
delocalized charge plasticizes the ﬁlms enabling a good long-
range molecular organization, as well as increased ﬁlm ﬂexibility.
The Cl
  counterion acts as a defect and impairs the long-range
organization by strongly immobilizing water in its hydration
shell. Both the molecular motion and the proton exchange are
very restricted, resulting in the ﬁlm being stiﬀ and brittle,
although it exhibits the highest moisture content of all ﬁlms.
The changes in local conformation and dynamics introduced
bythechargeinthechitosan chainarereversible.Theincreasein
mobility and in proton exchange in the ﬁlms upon heating is also
reversible, even after partial moisture evaporation. The chitosan
concentration in the initial solution does not aﬀect the structure
and dynamics in the ﬁlms, as shown by the similar behavior of
ﬁlms cast from chitosan solution below and above the entangle-
ment concentration. A relaxation process was detected at about
170 C for charged ﬁlms, resulting in ﬁlm rupture in the case of
HCl. It could be linked to hydrogen bonding or to electrostatic
interactions; NMR data are needed in this temperature range to
reach any further conclusions.
The innovative methodology developed in this work can be
extendedtotheinvestigation oftheeﬀectofother parameterson
the interactions in self-association chitosan systems. Films ob-
tained at higher degrees of acetylation, hydrogels obtained at
higher moisture content, should exhibit diﬀerent local structure
and dynamics, which are expected to change the macroscopic
properties. It will be the subject of further studies.
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